INTRODUCTION
============

During normal physiological conditions, osteoclast differentiation is regulated by osteoblasts and stromal cells, both of which provide two essential osteoclastogenic factors, macrophage--colony-stimulating factor (M-CSF) and receptor activator of nuclear factor (NF)-κB ligand (RANKL), along with a number of other positive and negative regulatory factors. The primary role of M-CSF is to provide survival signals during osteoclastogenesis ([@B19]). In contrast, RANKL provides osteoclast-specific differentiation signals and activates multiple signal transduction pathways, which turn on transcription factors NF-κB, c-Fos, NFATc1, and microphthalmia-associated transcription factor (Mitf) by phosphorylation and dephosphorylation events ([@B21]; [@B3]). RANKL signaling leads to the recruitment of the adaptor molecule TRAF6, followed by the activation and nuclear translocation of NF-κB ([@B8]; [@B3]). When activated, NF-κB triggers c-Fos signals, which then induces nuclear factor of activated T-cells (NFATc1) transcription ([@B40]). RANKL signaling also cooperates with costimulatory molecules to trigger calcium influx and turns on calcineurin, which causes activation and nuclear translocation of NFATc1 ([@B18]). After the initial induction, NFATc1 autoamplifies itself through recruitment to its own promoter site, resulting in a selective induction during osteoclast differentiation ([@B2]). RANKL activates p38 mitogen-activated protein kinase (MAPK), which in turn phosphorylates Mitf at serine 307 ([@B21]).

Osteoclast differentiation is regulated by a group of ubiquitous transcription factors that are present in many cell lineages ([@B36]; [@B9]; [@B26]; [@B6]; [@B14]; [@B13]; [@B33]; [@B40]). The mechanism by which these factors coordinately regulate osteoclast differentiation is poorly understood. Among these transcription factors, Mitf is unique in its tissue-restricted effects. Although present in many tissues, mutations in the *Mitf* gene only profoundly affect certain cell lineages, including osteoclasts, melanocytes, retinal pigmented epithelium, and mast cells ([@B30]).

Mitf is a basic helix-loop-helix-leucine zipper transcription factor that is able to form homo- and heterodimers with other MiT family members (Tfeb, Tfec, and Tfe3) in vitro ([@B10]). Through its basic region, the Mitf dimer binds to the E-box consensus sequence CA\[C/T\]GTG of target promoters and activates gene transcription. Studies on Mitf in osteoclasts reveal that it transcriptionally regulates the expression of many osteoclast-related genes, including chloride channel 7 (CLCN7), cathepsin K (Ctsk), osteoclast-associated receptor (Oscar), osteopetrosis-associated transmembrane protein 1 (Ostm1), and tartrate resistant acid phosphatase (TRAP) ([@B20]; [@B24]; [@B29]; [@B23]). Interestingly, except for CLCN7, all the Mitf target genes also were reported as transcriptional targets of NFATc1, the osteoclast master transcription factor ([@B17]; [@B3]).

Tfe3 forms stable heterodimers with Mitf in osteoclasts ([@B39]). Because Mitf-associated osteopetrosis is observed only with the simultaneous loss of Mitf and Tfe3 in osteoclasts, it is believed that Mitf and Tfe3 are completely redundant in osteoclasts ([@B31]). However, recent studies indicated that the relationship between Mitf and Tfe3 may not be as straightforward as once thought, and Tfe3 may not be completely redundant with Mitf in osteoclasts ([@B27]).

The *Mitf* gene locus contains at least nine isoform-specific promoters ([@B30]; [@B1]; [@B7]; [@B38]; [@B25]; [@B34]; [@B35]; [@B11]; [@B28]). The consequence of this complex configuration is production of multiple isoforms, which allows the Mitf protein to perform diverse biological functions. Although Mitf is present in many tissues, lineage-specific Mitf isoforms also have been identified in melanocytes (Mitf-M) and mouse mast cells (Mitf-Mc) and are responsible for tissue-specific gene expression ([@B22]; [@B35]). To date, no osteoclast-specific Mitf isoform has been reported. Both macrophages and osteoclasts are derived from common precursors of the hematopoietic system ([@B37]). Both cells express similar levels of Mitf RNA transcripts ([@B33]), which raises the question as to how Mitf directs its tissue-specific effect on osteoclasts and whether or not certain isoform(s) is present in osteoclasts but not in macrophages. In this report, we demonstrated that although RANKL has no significant effect on levels of total Mitf and Mitf-A (an abundant and ubiquitously expressed isoform), RANKL significantly up-regulated Mitf-E levels. The goal of this study is to determine whether this induction phenomenon of Mitf isoform has biological significance.

MATERIALS AND METHODS
=====================

Materials
---------

α-Ctsk antibody (Ab) was from MBL International (Woburn, MA). α-Hemagglutinin (HA) Ab was from Roche Diagnostics (Mannheim, Germany). α-Tfe3 was from BD Biosciences (San Diego, CA). α-Tubulin Ab was from Sigma-Aldrich (St. Louis, MO). Alexa-conjugated Abs were from Invitrogen (Carlsbad, CA). α-Mitf Ab C5 was a gift from Dr. David E. Fisher (Massachusetts General Hospital, Boston, MA) and also was purchased from Calbiochem (San Diego, CA). Osteoprotegerin (OPG) was purchased from R&D Systems (Minneapolis, MN).

Plasmid Constructs
------------------

Mitf isoforms were polymerase chain reaction (PCR)-amplified from mouse osteoclast cDNA and cloned into MSCViG and MSCVpuro (Clontech, Mountain View, CA) plasmids for Mitf-HA and Mitf retrovirus production, respectively. The MSCVpuro plasmid was modified to MSCViG by inserting an IRES-hrGFP fragment with a 5′ HA tag. All constructs were verified by sequencing. Primer information is summarized in Supplemental Table 1.

Isolation of Primary Precursors for Osteoclast and Macrophage Cultures
----------------------------------------------------------------------

Long bones were dissected from 2- to 4-mo-old wild-type C57BL/6 mice after euthanasia. Mouse bone marrow was harvested by flushing cold media through the bones with a 22-gauge syringe. All procedures were approved by the Institutional Committee for Animal Care and Use Committee at the University of Kentucky (Lexington, KY). Peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats of healthy human volunteers by Ficoll density gradient centrifugation.

Osteoclast and Macrophage Cultures
----------------------------------

For primary osteoclast cultures, precursor cells were cultured in osteoclast media (Osteoclast Precursor Cell Medium Bullet Kit; Lonza Walkersville, Walkersville, MD). For primary macrophage cultures, precursor cells were cultured in the same basal media supplemented only with concentration-matched M-CSF. Media from the primary cultures were replenished every 3 d. RAW264.7 cells were maintained in DMEM and cultured in minimal essential medium (MEM)-α containing various concentrations of RANKL (concentration used is indicated in the figure legends) to induce osteoclastogenesis or in MEM-α without cytokine supplements to maintain macrophage morphology. Media were replenished every 2 d.

Retrovirus Production and Cell Transduction
-------------------------------------------

293 FT cells (Invitrogen) were transfected with retroviral vectors together with pVPack-GP (Stratagene, La Jolla, CA) and pVSV-G (Clontech) by using Lipofectamine 2000 (Invitrogen). Media from the transfected cells were collected and used to infect mouse bone marrow macrophages (mBMMs) or RAW264.7 cells. RAW264.7 Cells transduced with Mitf-HA retroviruses were diluted and plated in 96-well plates with ≤1 cell/well density. Single green fluorescent protein (GFP)-positive plaques were expanded, and expression of the recombinant protein was verified by Western blotting.

RNA Interference and Lentivirus Production
------------------------------------------

Three lentiviral short hairpin RNAs (shRNAs) targeting the mouse Mitf sequence were purchased from Open Biosystems (Huntsville, AL) (TRCN00000952-84, -86, and -87). Scrambled shRNA with the same vector backbone was purchased from Addgene (Cambridge, MA). To produce lentiviruses, 293 FT cells were transfected with lentiviral vectors and helper plasmids pCMV-DR8.9 and pVSV-G. Media from the transfected cells were collected and used to infect RAW264.7 cells. Infected cells were treated with puromycin (5 μg/ml) for 7 d before culturing in MEM-α containing 100 ng/ml RANKL to induce osteoclast differentiation.

Semiquantitative and Real-Time Reverse Transcriptase (RT)-PCR
-------------------------------------------------------------

Total RNA was isolated from cultured cells with TRIzol reagent (Invitrogen) and from Formalin-fixed, paraffin-embedded (FFPE) tissue samples with High Pure FFPE RNA MicroKit (Roche Applied Science, Indianapolis, IN). For semiquantitative (semiq)RT-PCR, RNA was reverse-transcribed with an oligo(dT) primer to generate cDNA by using a SuperScript First-Strand Synthesis System (Invitrogen). Primer information is summarized in Supplemental Table 1. PCR products were verified by sequencing. Real-time RT-PCR was performed on a LightCycler 2.0 instrument (Roche Applied Science) by using LightCycler RNA Master SYBR Green I according to manufacturer\'s instructions. LightCycler Probe Design Software 2.0 was used to design the primers. To amplify only mRNA and not genomic DNA, primer sets amplified regions spanning exons were chosen. The specificity of the obtained fluorescence signal was checked by a melting curve analysis after amplification. To exclude the primer--dimer signal, a separate fluorescence detection step (2s) was added after the extension at various temperatures from 79 to 82°C. The relative standard curves of the targets and the reference glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined by dilution series of total RNA from RAW264.7-derived osteoclasts. The quantity of the gene was normalized to the quantity of GAPDH, and the data were expressed as fold-induction relative to the calibrator (vector virus infected cells). Experiments were performed on three separate sets of samples and performed in duplicate.

λ Phosphatase Treatment
-----------------------

Cells were lysed in cold buffer (50 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1% NP-40, and Sigmafast Protease Inhibitor \[Sigma-Aldrich\]), with brief sonication. The lysates were treated with λ phosphatase (New England Biolabs, Ipswich, MA) and incubated at 30°C for 30 min.

Nuclear Extract
---------------

RAW264.7 cells were treated with RANKL (100 ng/ml) for 3 d to induce osteoclast differentiation. Cells were first extracted in ice-cold buffer A (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 20 mM sodium pyrophosphate, 10 mM NaF, 1 mM Na~3~VO~4~, and SigmaFAST Protease Inhibitor), incubated on ice for 10 min, and vortexed for 10 s. The lysates were divided into two tubes and centrifuged at 12,000 × *g* for 10 s. The resulting pellets were extracted in two different buffers. One pellet was extracted with ice-cold glycerol/high salt buffer (20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 20 mM sodium pyrophosphate, 10 mM NaF, 1 mM Na~3~VO~4~, and SigmaFAST Protease Inhibitor). After a 20-min incubation, the nuclear extract was vortexed for 15 s and spun at 12,000 × *g* at 4°C for 10 min. The other pellet was extracted with SDS/benzonase buffer (2% SDS, 50 mM Tris, pH 6.8, 10% glycerol, 0.1% benzonase \[Sigma-Aldrich\], 20 mM sodium pyrophosphate, 10 mM sodium fluoride, 1 mM sodium orthovanadate, and SigmaFAST Protease Inhibitor). The lysates were rotated at room temperature for 15 min to allow benzonase digestion to clarify viscous DNA fragments. Both lysates were cleared by centrifugation, quantified, and analyzed by Western blotting.

Western Blot
------------

Nuclei were lysed with SDS/benzonase buffer or glycerol/high salt buffer as described above, and whole cells were lysed with SDS/benzonase buffer. Proteins were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked and incubated with the appropriate primary Ab followed by a horseradish peroxidase-conjugated secondary Ab. The protein signal was developed with enhanced chemiluminescence reagents (Pierce Chemical, Rockford, IL).

Preparation of Bone Discs and Pit Assay
---------------------------------------

Bovine femurs obtained from local supermarkets were sectioned into 500-μm-thick discs with an EXAKT cutting/grinding system (EXAKT Technologies, Oklahoma City, OK). Osteoclast precursor cells were plated in 24-well dishes containing bone discs in osteoclast media. To assess bone resorption, attached osteoclasts were stripped from the discs by sonication in 0.1 N NaOH. Resorption areas were revealed by staining with 1% toluidine blue in 0.5% sodium tetraborate for 10 min, photographed, and quantified with ImageJ software (National Institutes of Health, Bethesda, MD). The experiments were completed in triplicate.

TRAP Assay
----------

Cells were plated in 24-well plates in triplicate. For the cytochemical assay, cells were fixed and permeabilized with acetone/Formalin/citric acid fixative followed by staining with TRAP solution (kit 387-A; Sigma-Aldrich) at 37°C for 1 h. The cell culture surface corresponding to 37.34 mm^2^ was photographed with a 2× objective lens, and ImageJ software was used to quantify the number and the length of the long axis (longest dimension) of multinucleated (\>3 nuclei) TRAP-positive cells. For the solution-based TRAP assay, cells were lysed in 1% Triton/phospate-buffered saline before incubation with TRAP solution at 37°C for 1 h. The plates were scanned with a color scanner and the intensity of the positive red color was quantified with ImageJ software. Reactions lacking cells were used as baseline and were subtracted from the scanned results.

Immunofluorescence
------------------

mBMMs transduced with Mitf viruses were cultured in the presence of M-CSF and RANKL to induce osteoclast differentiation. Primary osteoclasts were fixed in 2% paraformaldehyde, permeabilized with 0.1% saponin, and blocked with 10% goat serum. Mitf-HA fusion protein was detected by Alexa Fluor 488-conjugated α-HA Ab; Tfe3 was detected by α-Tfe3 Ab with corresponding Alexa Fluor 568-conjugated secondary Ab. Coverslips were mounted with antifade solution containing 4,6-diamidino-2-phenylindole, which stains nuclei. A DM IRBE inverted confocal microscope (Leica Microsystems, Deerfield, IL) was used to acquire images of the nuclei. The colocalization signals of Mitf and Tfe3 in the nuclear sections were quantified by ImageJ software using JACoP plugin. The colocalization images were generated by ImageJ software using Colocalization Highlighter plugin.

Statistical Analysis
--------------------

Data were analyzed using an unpaired two-tailed Student\'s *t* test and were expressed as mean ± SD; p ≤ 0.05 is considered significant.

RESULTS
=======

Mitf-E Is Differentially Expressed in Macrophages and Osteoclasts, and Its Expression Is Induced by RANKL
---------------------------------------------------------------------------------------------------------

To determine whether any of the currently identified Mitf isoforms are differentially expressed in macrophages and osteoclasts, the expression profiles of Mitf isoforms of both cell types were compared. To eliminate interspecies differences, human (h) PBMCs, mBMMs, and the mouse macrophage cell line RAW264.7 were used to generate the cultures. Osteoclast differentiation was verified by TRAP staining and bone resorption on bovine bone discs. Multinucleated TRAP+ cells were present in all three osteoclast cultures (Supplemental Figure 1). Both RAW264.7 cells and mBMMs cultured under macrophage conditions were mononuclear and TRAP-negative. Human macrophages were TRAP-positive but mostly mononuclear, although freshly isolated human monocytes were TRAP-negative (data not shown). All three osteoclast cultures produced resorption areas as evidenced by the pit formation on bovine bone discs (Supplemental Figure 1).

Total RNA derived from verified cultures was subjected to semiqRT-PCR by using isoform-specific 5′ primers for Mitf, paired with a common 3′ primer. GAPDH was measured as a loading control, whereas total Mitf, amplified by primer pairs flanking common regions of Mitf transcripts, was amplified to ensure that Mitf was expressed in all RNA samples. Previous studies with RAW264.7 cells showed that total Mitf expression did not change significantly after RANKL treatment ([@B33]). However, when we examined the individual Mitf isoforms, Mitf-E signal was significantly up-regulated in all three osteoclast cultures ([Figure 1](#F1){ref-type="fig"}A). This universal induction in osteoclasts, in comparison with macrophages, seemed to be caused by RANKL stimulation and was uniquely found for Mitf-E, because no other isoforms examined exhibited similar consistent induction or suppression in all three culture systems. Mitf-A was the most abundant isoform in both cell types and represented the major signal detected in total Mitf, but its expression levels were unchanged for both macrophages and osteoclasts ([Figure 1](#F1){ref-type="fig"}A). Mitfs B, C, D, and H were present in low amounts, and the transcripts could only be detected after 35 cycles. Mitf J was present in moderate quantities and, depending on the cell source, was detectable between 29 and 35 cycles. Finally, Mitf-M (melanocytes) and Mitf-Mc (mast cells) are tissue specific and were therefore not detected at all in macrophages or osteoclasts. To date, human Mitf-Mc and mouse Mitf CM have not yet been described.

![Mitf-E is differentially expressed in macrophages and osteoclasts. (A) semiqRT-PCR of Mitf isoforms. cDNA was isolated from macrophages and osteoclasts derived from hPBMCs, mBMMs, and RAW264.7 cells. H (HeLa), A (APRE19), 501mel, B16, and p815 cells were used as positive controls for PCR. Mitf exhibits internal exon splicing, which contributes to the presence of multiple bands in some of the gels. −, no cDNA; Mϕ, macrophage; OC, osteoclast. (B) semiqRT-PCR of Mitf signals in giant cell granuloma (GCG) and nonspecific chronically inflamed tissue (NSCI). (C) Western blot of ectopically expressed Mitf isoforms in 293 FT cells. (D). Western blots of lysates from RAW264.7 cells treated with or without RANKL. The lysates were subjected to phosphatase or mock treatment before blotting with α-Mitf Ab. Vertical bar, RANKL-induced Mitf.](zmk0101094480001){#F1}

Archived human biopsy tissues were used for investigating Mitf expression in vivo. Tissue blocks with diagnoses of giant cell granuloma or nonspecific chronic inflammation were identified from the Axium database at the University of Kentucky. Giant cell granuloma is characterized by the presence of multinucleated giant cells that are osteoclasts in nature ([@B5]; [@B16]; [@B15]). Nonspecific chronic inflammation is granulation tissue consisting of a composite of chronic inflammatory cells, including many mononuclear macrophages. Sections were obtained for total RNA extraction followed by RT-PCR with primers specific for Mitf-A, Mitf-E, and total Mitf. M-CSF receptor c-fms and CD68 are macrophage markers and were used as loading controls. [Figure 1](#F1){ref-type="fig"}B shows that Mitf-E was present in giant cell granuloma but could not be detected in nonspecific inflammatory tissue despite the presence of similar levels of Mitf-A and macrophage markers in both lesions.

When ectopically expressed in 293 FT cells ([Figure 1](#F1){ref-type="fig"}C), Mitf-E cannot be differentiated from other smaller isoforms based on the electrophoretic mobility, whereas Mitf-A, which is ubiquitously expressed and abundantly present in macrophages and osteoclasts, migrated as higher bands from the smaller isoforms. Mitf proteins were represented by multiple bands, reflecting the presence of multiple isoforms and a consequence of posttranslational modification ([Figure 1](#F1){ref-type="fig"}C). Western blot analysis showed that Mitf proteins, as expected from the RT-PCR results in [Figure 1](#F1){ref-type="fig"}A, were differentially expressed between RAW264.7 cells treated with or without RANKL for osteoclast differentiation ([Figure 1](#F1){ref-type="fig"}D, lanes 1 and 2). The induced Mitf proteins were noted in RAW264.7 cells treated with RANKL and were smaller in molecular weight than Mitf-A, although indistinguishable from other Mitf isoforms, including Mitf-E. In RAW264.7 cells received no RANKL treatment, low amounts of Mitf proteins smaller than Mitf-A also were noted and were likely low level-expressing Mitf isoforms.

In addition to the induction of the smaller Mitf proteins, osteoclast differentiation of RAW264.7 by RANKL treatment also resulted in additional upper bands in Mitf-A region ([Figure 1](#F1){ref-type="fig"}D, lanes 2 vs. 1). To verify that these upper bands were caused by RANKL-induced phosphorylation of Mitf-A and not by induction of unidentified Mitf isoforms, we treated the RAW264.7 lysates with λ phosphatase. When compared with mock treated lysates, λ phosphatase treatment not only caused a collapse of the Mitf-A upper band in the lysate of RANKL-treated cells ([Figure 1](#F1){ref-type="fig"}D, lane 4 vs. 2), but also dephosphorylated Mitf-A from cells with or without RANKL treatment to similar electrophoretic mobilities ([Figure 1](#F1){ref-type="fig"}D, lanes 3 and 4). λ phosphatase also caused an upper band collapse of RANKL-induced Mitf protein ([Figure 1](#F1){ref-type="fig"}D, lane 4 vs. 2, marked by vertical bar). These results indicated that phosphorylated Mitf-A was present in RAW264.7 cells, and RANKL treatment not only induced and phosphorylated RANKL-induced Mitf protein but also resulted in additional phosphorylation of Mitf-A.

Because Mitf-E induction during osteoclastogenesis seemed to be caused by RANKL stimulation, the kinetics of this process were examined. RAW264.7 cells cultured in the presence of RANKL were harvested at various time points for semiqRT-PCR and Western blot analysis. The results showed that Mitf-E mRNA levels were induced by RANKL within 6--12 h, peaked at 24 h, and then declined by 48 h ([Figure 2](#F2){ref-type="fig"}A, left). After 48 h, fresh media containing RANKL was added to restimulate a new round of Mitf-E induction. Mitf-E mRNA repeaked within 12 h (60 h after initial RANKL stimulation) followed by a gradual decline. Most of the RANKL in the culture media was consumed by the cells in 2 to 3 d as there was no reinduction on day 3 when the media was not replenished with fresh RANKL (Supplemental Figure 2). Osteoprotegerin (OPG), a RANKL decoy receptor and specific inhibitor, was used to verify whether the Mitf-E induction is indeed caused by RANKL or by other proteins present in the RANKL recombinant protein preparation. The results showed that when OPG was added in the presence of RANKL, it disrupted RANKL signals, which abolished Mitf-E induction ([Figure 2](#F2){ref-type="fig"}A, right). Together, these results showed that RANKL signaling specifically induces Mitf-E expression. [Figure 2](#F2){ref-type="fig"}B shows that RANKL-induced Mitf protein (marked by vertical bar) followed similar kinetics as the Mitf-E mRNA.

![RANKL regulates Mitf-E expression. RAW264.7 cells were incubated with 100 ng/ml RANKL. The arrows indicate times during which the media were changed. (A) semiqRT-PCR. Left, time course of Mitf-E levels after RANKL treatment. Right, addition of OPG abolishes Mitf-E induction by RANKL. GAPDH serves as a cDNA loading control. (B) Western blot. Left, Time course of RANKL-induced Mitf protein (marked by vertical bar). Right, addition of OPG abolishes RANKL-induced Mitf expression. α-Tubulin is a protein loading control.](zmk0101094480002){#F2}

Although the RANKL-induced Mitf bands may be caused by multiple isoforms including those that have not yet been identified, based on the induction levels observed in the RT-PCR results and the similarity of the induction kinetics of Mitf-E mRNA and RANKL-induced protein, Mitf-E seems to contribute significantly to the RANKL-induced Mitf proteins. Together, these data provide convincing evidence that Mitf-E is specifically induced by RANKL and differentially expressed between macrophages and osteoclasts.

Mitf-E Is a More Potent Osteoclastogenic Factor Than Mitf-A
-----------------------------------------------------------

To examine the effects of Mitf proteins on genes involved in osteoclast function, we infected RAW264.7 cells with Mitf-A-HA-, Mitf-E-HA-, or vector (null)-expressing retroviruses, and then we treated the cells with RANKL to induce osteoclast differentiation. Expression levels of various osteoclast-related genes were determined by real-time RT-PCR. These genes included carbonic anhydrase II (CAII), macrophage colony-stimulating factor receptor (c-Fms), CLCN7, Ctsk, calcitonin receptor (CTR), Oscar, Ostm1, receptor activator of NF-κB (RANK), and TRAP. CLCN7, TRAP, Ctsk, Oscar, and Ostm1 were identified previously as Mitf targets ([@B20]; [@B24]; [@B29]; [@B23]). TRAP, Ctsk, and Oscar were identified as targets by overexpressing Mitf-M, whereas CLCN7 and Ostm1 were identified by overexpressing Mitf-A. The results showed that Mitf-A and Mitf-E up-regulated most of the genes examined except CAII ([Figure 3](#F3){ref-type="fig"}A). In addition to the five previously identified target genes, both Mitf isoforms also up-regulated CTR and RANK despite the induction levels of RANK were low compared with other targets. Mitf-E also mildly up-regulated c-Fms in certain cases; however, this stimulatory effect could not be consistently reproduced. Interestingly, expression of Mitf-E results in higher levels of the majority of these osteoclast-related genes than Mitf-A.

![Mitf-E is a more potent osteoclastogenic factor than Mitf-A. (A) Real-time PCR of osteoclast-related genes in RAW264.7-derived osteoclasts transduced with Mitf-A or Mitf-E retrovirus. Student\'s *t* test: \*p ≤ 0.01, \*\*p ≤ 0.005, and \*\*\*p ≤ 0.001. (B) Western blots of RAW264.7 clones expressing various levels of Mitf-A or Mitf-E HA fusion proteins. α-Tubulin is a loading control. Vector-transduced RAW264.7 cells were cultured with or without RANKL (50 ng/ml) for macrophage (Mϕ) or osteoclast (OC) cultures, respectively. Vertical bar, RANKL-induced Mitf. \#, designated clone number of RAW264.7 clones. (C) TRAP stain of RAW264.7 clones transduced with Mitf retroviruses. Cells were cultured in the absence of RANKL. Bar, 50 μm.](zmk0101094480003){#F3}

To further examine the roles of Mitf-A and Mitf-E in osteoclastogenesis, multiple independent Mitf clones were generated from transduced RAW264.7 cells. Four representative clones from each group were selected for analysis to characterize the differences between the two isoforms. The expression of recombinant and total Mitf proteins were analyzed by blotting with α-HA and α-Mitf Abs, respectively ([Figure 3](#F3){ref-type="fig"}B). The clones were arranged in ascending order corresponding to recombinant Mitf expression levels. Mitf-E clone \#2 ([Figure 3](#F3){ref-type="fig"}B, first panel, lanes 7 and 11) expressed very low amounts of recombinant protein, detectable only after a substantially long exposure of the blot to x-ray film. The Mitf-A clones expressed recombinant Mitf-A protein levels well above the endogenous Mitf-A levels ([Figure 3](#F3){ref-type="fig"}B, second panel, lanes 3--6 vs. 1--2). The recombinant Mitf-E protein migrated with a similar electrophoretic mobility as endogenous Mitf-A due to the presence of the HA epitope, thus making it difficult to accurately estimate its expression level in the clones. However, Mitf-E clones had recombinant protein levels not exceeding above the levels of endogenous RANKL-induced Mitf proteins ([Figure 3](#F3){ref-type="fig"}B, second panel, lanes 7--10 vs. 1, marked by vertical bar).

Real-time RT-PCR ([Figure 3](#F3){ref-type="fig"}A) showed that expression of Mitf-A and Mitf-E significantly up-regulated Ctsk and TRAP transcripts in RAW264.7 cells treated with RANKL. When we examined whether or not the up-regulation of these genes was RANKL-dependent, Western blot results showed that both Mitf-A and Mitf-E could induce Ctsk expression independent of RANKL treatment ([Figure 3](#F3){ref-type="fig"}B, third panel). Despite being expressed at much lower levels, recombinant Mitf-E was able to promote Ctsk expression to levels comparable with recombinant Mitf-A. The expression of TRAP, an osteoclast marker, also was examined in clones cultured without RANKL, the result of which showed that both Mitf-A and Mitf-E were able to induce TRAP expression independent of RANKL treatment ([Figure 3](#F3){ref-type="fig"}C). In this case, despite being expressed at much lower levels, recombinant Mitf-E was able to promote TRAP expression much more than Mitf-A. Therefore, Mitf-E has a greater ability than Mitf-A in activating Ctsk and TRAP expressions regardless of RANKL treatment.

To assess whether Mitf-E is more proficient than Mitf-A in promoting osteoclast differentiation, we examined the ability of the previously generated Mitf-transduced clones to undergo osteoclast differentiation by plating cells in the presence of RANKL. Osteoclastogenesis was determined by counting the number of multinucleated TRAP+ cells in the cultures and by evaluating the abilities of the cells to resorb bone ([Figure 4](#F4){ref-type="fig"}). As expected, both Mitf-A and Mitf-E stimulated osteoclast differentiation. However, the levels of Mitf required for detectable stimulating effects were strikingly different between the two isoforms. Among the Mitf-E clones, all except for clone 2 (the lowest Mitf-E expression) exhibited accelerated osteoclastogenesis corresponding with an overall increase in numbers of osteoclasts, TRAP expression, cell sizes and bone resorption ([Figure 4](#F4){ref-type="fig"}). In the Mitf-A group of clones, although expressing high levels of Mitf, only clone \#5 (the highest Mitf-A expression) displayed significant stimulatory results. These results demonstrate that Mitf-E has significantly higher osteoclastogenic activity than Mitf-A.

![Mitf-A and Mitf-E have different osteoclastogenic activities. RAW264.7 clones expressing Mitf-HA were plated on culture dishes and on bovine bone discs in media containing 50 ng/ml RANKL to induce osteoclast differentiation. (A) Top, TRAP stain. Bar, 500 μm. Bottom, toluidine blue stain of resorption areas. Bar, 200 μm. (B) Quantitation of numbers of multinucleated TRAP-positive cells. Only p values of day 2 and 2.5 cultures were determined. (C) Quantitation of sizes of multinucleated TRAP+ cells. (D) Quantitation of TRAP activity. (E) Quantitation of bone resorption areas. The data are expressed as mean ± SD, n = 3 except for C. The sample number of C is the sum of multinucleated TRAP+ cells from three photographed fields. n = 6--528. Student\'s *t* test: \*p ≤ 0.01, \*\*p ≤ 0.005, and \*\*\*p ≤ 0.001. Cells transduced by vector-expressing viruses were used as control for p value calculations. Only cells ≥250 μm were counted in B and C.](zmk0101094480004){#F4}

Mitf-A and Mitf-E Have Different Subnuclear Distribution
--------------------------------------------------------

Both Mitf-A and Mitf-E share all known functional domains, except for an extended amino terminus of additional 52 amino acids present in Mitf-A. We investigated whether the two isoforms exhibited a different subnuclear localization. Mouse primary osteoclasts transduced with Mitf-HA viruses were stained with HA and Tfe3 Abs, and confocal microscopy was used to scan the nuclei. The HA and Tfe3 colocalization nuclear images were generated by Colocalization Highlighter and the Pearson\'s coefficient was quantified by JACoP ([@B4]). The results showed that Mitf-A protein exhibited a more diffuse signal, whereas the Mitf-E signal was much more discrete in the nuclei of osteoclasts ([Figure 5](#F5){ref-type="fig"}A). The pattern differences were subtle but distinctive. The presence of overexpressed Mitf proteins apparently affected the distribution of the endogenous binding partner Tfe3. The colocalization images of Mitf and Tfe3 proteins highlighted the differences of the two isoforms. Mitf-E also showed a slightly higher colocalization correlation with Tfe3 than Mitf-A in the nuclei. Although the differences were mild, they were very consistent.

![Mitf-A and Mitf-E have a different subnuclear distribution. (A) Top, confocal nuclear images of mouse osteoclasts transduced with Mitf-A-HA or Mitf-E-HA retroviruses. The cells were stained with α-HA and α-Tfe3 Abs. Bottom, correlation coefficient of Tfe3 and Mitf signals. (B) Differential extraction with different buffer conditions on RAW264.7-derived osteoclasts transduced with Mitf retroviruses. Nuclear lysates extracted by SDS/benzonase or glycerol/high salt buffer were blotted with α-HA and α-Lamin A/C Abs. α-Lamin A/C serves as a loading control.](zmk0101094480005){#F5}

We also used a biochemical approach to examine the two isoforms\' subnuclear distribution. RAW264.7 cells were transduced by Mitf-HA viruses and RANKL was used to induce osteoclast differentiation. The nuclei of the osteoclasts were extracted into two different buffers and the extractability of Mitf-A versus Mitf-E was examined. The cells were sequentially extracted, first with a hypotonic buffer to remove cytoplasmic proteins, followed by nuclear extraction with either glycerol/high salt without detergent or SDS/benzonase buffer. The results showed that although nuclear extraction with the glycerol/high salt buffer yielded high amounts of Mitf-A and low amounts of Mitf-E in the lysates, extraction with the SDS/benzonase buffer resulted in equally high amounts of Mitf-A and Mitf-E ([Figure 5](#F5){ref-type="fig"}B).

These findings suggest that Mitf-A and Mitf-E have a different subnuclear distribution. The majority of Mitf-A is probably present in a compartment that is readily to be extracted by high salt buffers, whereas removal of chromatin, either by benzonase digestion ([Figure 5](#F5){ref-type="fig"}B) or by sonication shearing ([Figure 1](#F1){ref-type="fig"}D), facilitates Mitf-E extraction.

Mitf Is Essential for Osteoclast Differentiation In Vitro, but Expression of Mitf-A Alone Is Insufficient to Fully Support Osteoclastogenesis in Mitf Knockdown RAW264.7 Cells
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mitf is critical for osteoclast development, as evidenced by the lack of osteoclasts in osteopetrotic Mitf^*mi/mi*^ mice. Although the current theory supports Mitf-Tfe3 redundancy in osteoclast development ([@B31]), there are research findings challenging this concept ([@B27]). To examine whether Mitf is indispensable in osteoclast differentiation, shRNA lentiviruses targeting three different regions of Mitf transcripts were used to infect RAW264.7 preosteoclast cells. All three Mitf shRNAs, but not the scrambled shRNA, specifically knocked down Mitf expression in the cells but did not affect Tfe3 expression ([Figure 6](#F6){ref-type="fig"}A). Correspondingly, all three Mitf shRNAs significantly inhibited osteoclastogenesis when infected cells were cultured in the presence of RANKL to induce osteoclast differentiation. ([Figure 6](#F6){ref-type="fig"}, B and C). These data provide the first evidence that although there seems to be functional redundancy between Mitf and Tfe3 in vivo, Tfe3 is unable to fully compensate for the absence of Mitf during osteoclastogenesis in vitro.

![Reducing Mitf expression inhibits osteoclastogenesis in vitro. (A) Western blot analyses of lysates from RAW264.7 cells infected by lentiviruses expressing Mitf or scrambled (S) shRNA. α-Tubulin serves as a loading control. (B) TRAP staining of infected cells cultured in media containing 100 ng/ml RANKL for 3 d. (C) Quantitation of multinucleated TRAP-positive cells in (B). Bar, 500 μm. Student\'s *t* test: \*\*\*p ≤ 0.001.](zmk0101094480006){#F6}

It is important to ask whether the induction of Mitf-E, in the presence of ample amounts of Mitf-A, has biological significance to osteoclastogenesis. We examined whether expressing either isoform similarly to endogenous levels was sufficient to rescue osteoclastogenesis in RAW264.7 cells in which Mitf expression was silenced by RNA interference. shRNA-Mitf84 targets the 3′-untranslated region that is present only in the endogenous Mitf transcripts; therefore, it has no suppressive effect on the recombinant Mitf molecules. The cells transduced with lentivirus expressing shRNA-Mitf84 were cultured with RANKL to induce osteoclast differentiation. As expected, shRNA-Mitf84 significantly knocked down Mitf expression ([Figure 7](#F7){ref-type="fig"}A, lane 5). As well, no osteoclasts were identified in the cultures when the cells were infected with virus carrying the vector alone ([Figure 7](#F7){ref-type="fig"}B). In contrast, expression of either recombinant Mitf-A-- or Mitf-E--mediated osteoclastogenesis, although with different efficacy of rescue. Mitf-A--expressing viruses, when diluted 1 and 2.5 times before infecting cells, produced more recombinant protein than endogenous Mitf-A, but when diluted 5 times, resulted in less recombinant protein made. ([Figure 7](#F7){ref-type="fig"}A, lanes 6--8 vs. 1). With every dilution, the expression of recombinant Mitf-A resulted in partial rescue of osteoclastogenesis ([Figure 7](#F7){ref-type="fig"}B), indicating that activated Mitf-A alone, when expressed close to the endogenous levels, is insufficient to support full-scale operation of osteoclastogenesis. Recombinant Mitf-E, due to its HA epitope, has a similar electrophoretic mobility as endogenous Mitf-A. This made accurate assessment of the recombinant protein levels somewhat difficult. Nonetheless, it was clear that when the viruses were diluted 5 times, the resulting recombinant Mitf-E expression did not exceed endogenous RANKL-induced protein levels ([Figure 7](#F7){ref-type="fig"}A, lane 4 vs. 1, marked by vertical bar). In contrast to the results of Mitf-A, at this dilution of the Mitf-E-expressing virus, osteoclastogenesis was restored to nearly the same extent of the control cells ([Figure 7](#F7){ref-type="fig"}B), indicating the functional potency and importance of Mitf-E for osteoclastogenesis.

![Mitf-A and Mitf-E rescue osteoclastogenesis with different efficacies in Mitf knockdown RAW264.7 cells. (A) Western blot analysis of Mitf expression. Cells were transduced by Mitf or scrambled shRNA lentiviruses followed by rescue with vector (Vt)- or Mitf-expressing viruses diluted 1, 2.5, or 5 times. Vertical bar, RANKL-induced Mitf. (B) Quantitation of multinucleated TRAP+ cells. The cells were cultured in media containing 100 ng/ml RANKL for 3 d.](zmk0101094480007){#F7}

DISCUSSION
==========

During osteoclastogenesis, Mitf is presumably activated by phosphorylation induced by RANKL signaling pathway ([@B21]). Our data showed that RANKL not only triggers phosphorylation but also induces expression of Mitf proteins. In this study, Mitf-E was the only known isoform examined that was RANKL-inducible and seemed to be a stronger osteoclastogenic factor than the ubiquitously expressed Mitf-A. Although it is necessary to silence Mitf-E specifically to conclude its role in osteoclastogenesis, the induction phenomenon of Mitf proteins seems to be important because our results suggest that activation of Mitf-A alone is insufficient to support osteoclastogenesis. Mitf-A, despite its abundant presence, seems to be a weak osteoclastogenic factor and requires assistance from other isoforms, such as Mitf-E, to support osteoclastogenesis.

Unlike Mitf-A, Mitf-E is not ubiquitously expressed in normal tissues. Mouse mast cells, except peritoneal mast cells, are the other cell type that expresses significant levels of Mitf-E ([@B25]). Structurally, Mitf-E is a truncated version of Mitf-A and is 90% identical to Mitf-A. Both isoforms share all known functional domains in the downstream protein-coding sequence, common to all the Mitf isoforms. It is unexpected that their effects on osteoclastogenesis are so drastically different. Based on the results of differential extractions, we propose a model that Mitf-E is induced during osteoclasotgenesis, and this isoform is in close association with chromatin, which facilitates its interaction with target promoters. This may be the underlying mechanism for Mitf-E\'s higher osteoclastogenic activity than Mitf-A.

Tfe3 forms heterodimers with Mitf in osteoclasts ([@B39]), and studies of Tfe3^*fcr/fcr*^ knockout and Mitf^*vga9/vga9*^ transgenic mice have led to the conclusion that Mitf and Tfe3 are completely redundant ([@B31]). This is because both mutant mice have a normal bone phenotype, and only mice manifesting Mitf^*vga9/vga9*^Tfe3^*fcr/fcr*^ double mutations become severely osteopetrotic ([@B31]). However, Mitf^*vga9*^ is not a null allele. It was generated by a transgene insertion at the *mi* locus, which disrupted the expression of Mitf-M and caused a significant reduction of overall Mitf expression ([@B32]; [@B12]). A recent study by [@B27] provided some evidence that the relationship between Mitf and Tfe3 may be more complicated than was proposed previously. They noted that 38.8% Mitf^*mi/vga9*^ compound heterozygous mice were osteopetrotic, whereas both Mitf^*mi*+^ and Mitf^*vga*/+^ mice have a normal bone phenotype. The mutation in the Mitf^*mi*^ allele results in Mitf proteins that have lost their capacity to bind DNA but yet retain the ability to form dimers with Tfe3 ([@B30]). Therefore, acting as dominant negatives, Mitf^*mi*^ mutant proteins disrupt the Mitf--Tfe3 pathway. The authors pointed out that Mitf^*mi/vga9*^ compound heterozygous mice would not have been osteopetrotic if Mitf and Tfe3 were completely redundant ([@B27]), because the only difference between the Mitf^*mi/vga9*^ and Mitf^*mi*/+^ mice is that the Mitf^*mi/vga9*^ mice have a lower levels of wild-type Mitf proteins than Mitf^*mi*/+^ mice. Interestingly, our RNA interference results suggest that Tfe3\'s role during in vitro osteoclastogenesis is limited. Our data provide the first evidence that although there seems to be functional redundancy between Mitf and Tfe3 in vivo, Tfe3 is unable to fully compensate for the absence of Mitf during osteoclastogenesis in vitro. The underlying cause for the difference in results could be attributed to osteoclast progenitors receiving additional signals from other cell types in the developmental environment versus an experimental condition whereby pure osteoclast cells are used such as in the in vitro culture milieu. Although this hypothesis remains to be tested, it is obvious that Mitf and Tfe3 have distinct roles and are not completely redundant during osteoclastogenesis.

In this report, we showed that Mitf proteins are critical for osteoclastogenesis. This is evidenced by their ability to up-regulate several osteoclast-related genes in the presence or absence of RANKL and their indispensability during osteoclastogenesis in vitro. The discoveries that Mitf isoforms are regulated differentially by RANKL and activated Mitf-A alone is insufficient to account for the osteoclastogenic activities in the cells suggest that the RANKL-induced Mitf phenomenon may play a pivotal role during osteoclastogenesis. The induction of Mitf-E by RANKL may be a critical event to coordinate with other ubiquitously expressed transcription factors for osteoclastogenesis.
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Ab

:   antibody

CAII

:   carbonic anhydrase II

c-Fms

:   macrophage colony-stimulating factor receptor

mBMM

:   mouse bone marrow macrophage

CLCN7

:   chloride channel 7

Ctsk

:   cathepsin K

CTR

:   calcitonin receptor

FFPE

:   formalin-fixed, paraffin-embedded

hPBMC

:   human peripheral blood mononuclear cell

Mitf

:   microphthalmia-associated transcription factor

Oscar

:   osteoclast associated receptor

OPG

:   osteoprotegrin

ostm1

:   osteopetrosis-associated transmembrane protein 1

RANK

:   receptor activator of nuclear factor-κB

RANKL

:   receptor activator of nuclear factor-κB ligand

semiqRT-PCR

:   semiquantitative reverse transcriptase-polymerase chain reaction

TRAP

:   tartrate-resistant acid phosphatase.
